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BACKGROUND: Autism spectrum disorder (ASD) encompasses a complex manifestation of symptoms that include
deﬁcits in social interaction and repetitive or stereotyped interests and behaviors. In keeping with the increasing
recognition of the dimensional characteristics of ASD symptoms and the categorical nature of a diagnosis, we
sought to delineate the neural mechanisms of ASD symptoms based on the functional connectivity of four known
neural networks (i.e., default mode network, dorsal attention network, salience network, and executive control
network).
METHODS: We leveraged an open data resource (Autism Brain Imaging Data Exchange) providing resting-state
functional magnetic resonance imaging data sets from 90 boys with ASD and 95 typically developing boys. This data
set also included the Social Responsiveness Scale as a dimensional measure of ASD traits. Seed-based functional
connectivity was paired with linear regression to identify functional connectivity abnormalities associated with
categorical effects of ASD diagnosis, dimensional effects of ASD-like behaviors, and their interaction.
RESULTS: Our results revealed the existence of dimensional mechanisms of ASD uniquely affecting each network
based on the presence of connectivity-behavioral relationships; these were independent of diagnostic category.
However, we also found evidence of categorical differences (i.e., diagnostic group differences) in connectivity
strength for each network as well as categorical differences in connectivity-behavioral relationships (i.e., diagnosis-
by-behavior interactions), supporting the coexistence of categorical mechanisms of ASD.
CONCLUSIONS: Our ﬁndings support a hybrid model for ASD characterization that includes a combination of
categorical and dimensional brain mechanisms and provide a novel understanding of the neural underpinnings
of ASD.
Keywords: Autism spectrum disorder, Default mode network, Dimensional measures, Functional connectivity,
Resting-state fMRI, Social cognition120
Biohttp://dx.doi.org/10.1016/j.biopsych.2015.10.020Autism spectrum disorder (ASD) is characterized by poor
social and reciprocal communication skills combined with
repetitive or stereotyped interests and behaviors (1,2). How-
ever, a range of symptom severity and functional impairment
exists within and across these disorders, in agreement with
the notion that ASD represents a spectrum. Previous studies
revealed that multiple subtypes of ASD exist along a contin-
uum of the same disorder (3–5). Furthermore, children without
a diagnosis of ASD may exhibit varying degrees of social
impairment qualitatively similar to ASD without meeting diag-
nostic criteria, suggesting that the continuum of ASD symp-
toms may span beyond the categorical diagnosis of ASD (6,7).
Therefore, a dimensional characterization of ASD has become
increasingly favored within the clinical and research commun-
ities, prompting a revision to DSM-5 to include severity ratings
for ASD rather than categorical subgroups. In parallel with
this clinical evidence, more recent studies have identiﬁed
dimensional brain-behavior relationships related to ASD (8,9).& 2016 Society of Biological Psychiatry. This is an open access a
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc
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SEE COMMENTARHowever, it is unknown whether behaviors observed in
children with ASD are similarly represented in the brain as in
typically developing children (TDC). Moreover, diagnoses
ultimately remain categorical in nature, yet the particular
contributions of categorical brain mechanisms, especially after
controlling for dimensional relationships, are poorly deﬁned.
Studies that systematically examine both the categorical and
the dimensional mechanisms of ASD are needed to disen-
tangle the complex neural correlates of ASD.
It has been increasingly recognized that ASD is a disorder
of disrupted neural interactions (10). The largest resting-state
functional magnetic resonance imaging (fMRI) investigation of
ASD to date provided convincing support for this notion (11),
as have many other studies (12–17). An examination of func-
tional connectivity measurements represents a promising
direction for delineating the potential categorical and dimen-
sional neural mechanisms of ASD. We (18) and others (19)
have demonstrated the feasibility of such an endeavor inrticle under the
-nd/4.0/).
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Psychiatrystudies of attention-deﬁcit/hyperactivity disorder (ADHD). Spe-
ciﬁcally, we explored functional connectivity alterations asso-
ciated with both categorical diagnosis and ADHD symptom
severity in relation to four large-scale neural networks: the
dorsal attention network (DAN) (20), the default mode network
(DMN) (21), the salience network (SAL) (22), and the executive
control network (ECN) (23). Findings demonstrated three
distinct patterns of brain-behavioral relationships: 1) catego-
rical differences in network-level functional connectivity
strength between children with and without a diagnosis of
ADHD, supporting the existence of categorically represented
neural mechanisms; 2) quantitative relationships between
network-level functional connectivity and behavioral measures
that were independent of categorical diagnosis, indicating
dimensional mechanisms; and 3) diagnostic group differences
in the quantitative relationships between network-level func-
tional connectivity and behavioral measures, suggesting qual-
itatively different behavioral representations in the brain and
reinforcing the categorical differences. The demonstration of
the presence of three categories of neural mechanisms in
ADHD provides a compelling model for studies of other
categorically deﬁned disorders that are known to occur along
a spectrum; ASD is the next natural candidate given the
evidence that ASD symptoms exhibit categorical and dimen-
sional qualities (24). Moreover, the same four networks
previously investigated in ADHD are also involved in proc-
esses that are disrupted in ASD, including social processing
[i.e., DMN (25) and SAL (26)], restricted and repetitive behav-
iors [i.e., SAL (27)], cognitive control [i.e., ECN and SAL (28)],
and attention [i.e., DAN (29)]. A parallel investigation of these
networks in ASD to examine the categorical or dimensional
nature of this disorder may ultimately aid ASD diagnosis and
characterization.
In this study, resting-state fMRI data from 107 TDC and 109
children with ASD selected from a large data repository, the
Autism Brain Imaging Data Exchange (11), were analyzed.
Functional connectivity measures, derived from four large-
scale higher order cognitive networks (i.e., DAN, DMN, SAL,
and ECN) were tested to identify three types of effects: 1)
categorical differences between TDC and children with ASD in
the magnitude of functional connectivity, 2) congruent dimen-
sional relationships between symptom severity and functional
connectivity existing across both TDC and children with ASD,Table 1. Demographic and Symptom Severity Information of In
All Sites KU Leuven
Number 185 25
TDC 95 14
ASD 90 11
Autism/Asperger/PDD-NOS 85/17/14 11/0/0
Age (Years) 13.2 (3.2) 14.1 (1.4)
TDC 13.2 (3.1) 14.5 (1.6)
ASD 13.1 (3.3) 13.6 (1.0)
SRS Score 56.4 (43.4) 49.8 (45.0)
TDC 19.1 (14.7) 17.6 (13.6)
ASD 93.0 (28.4) 91.0 (36.0)
Mean (SD) values are provided for each continuous measure.
ASD, autism spectrum disorder; KU Leuven, Katholieke Universiteit Leu
disorder not otherwise speciﬁed; SRS, Social Responsiveness Scale; TDC
Biologicaland 3) categorical differences between TDC and children with
ASD in the relationship between symptom severity and func-
tional connectivity. Our results demonstrate evidence of all
three categories of neural mechanisms of ASD.METHODS AND MATERIALS
Subjects
Data were selected from the Autism Brain Imaging Data
Exchange repository of resting-state fMRI scans of children,
adolescents, and adults with and without ASD from multiple
international sites (http://fcon_1000.projects.nitrc.org/indi/
abide/). All sites provided ASD diagnostic status for each
subject, and several sites offered various continuous meas-
ures of autism-related symptoms. For the present study, sites
were selected based on their inclusion of magnetic resonance
imaging data, categorical diagnosis, and Social Responsive-
ness Scale (SRS) scores (30) from TDC and children and
adolescents with ASD (age range, 6.5–18.7 years). This limited
age range was selected to ensure a similar age distribution
across sites and to minimize potential developmental effects
of ASD-related neural alterations (31). Because boys are most
often affected by this disorder, not enough data sets from girls
with ASD were available to draw meaningful estimates of sex
effects (32), limiting our analyses to boys. The data sets were
further limited to data sets passing the quality assessment
protocol performed before release of the preprocessed Autism
Brain Imaging Data Exchange data sets to the public. This
selection process resulted in 185 subjects, including 95 TDC
and 90 children with ASD across four sites (Katholieke
Universiteit Leuven [sample 2], New York University, Utah
School of Medicine, and Yale University) (Table 1).
The SRS total raw scores, indicating the severity of impair-
ment related to ASD, provided our dimensional measure of
ASD. The SRS is a 65-item quantitative assessment based on
parent ratings of core deﬁcits pertaining to autism. This
assessment offers a continuous measure of ASD as an
alternative to other categorically oriented diagnostic tools
(30), providing a single score of symptom severity. Children
with a categorical diagnosis of ASD and children not meeting
ASD diagnostic criteria (TDC) fall somewhere along the con-
tinuum of behaviors measured by the SRS.cluded Subjects
NYU USM Yale University
101 25 34
51 11 19
50 14 15
38/8/4 13/0/1 3/4/8
12.0 (3.0) 16.3 (2.4) 12.5 (3.0)
12.5 (3.1) 15.8 (2.6) 12.3 (2.9)
11.5 (2.9) 16.7 (2.2) 12.8 (3.4)
57.5 (41.8) 62.0 (46.6) 52.0 (43.1)
22.4 (13.6) 14.6 (12.8) 20.4 (21.3)
91.9 (29.6) 99.3 (22.2) 95.7 (21.1)
ven; NYU, New York University; PDD-NOS, pervasive developmental
, typically developing children; USM, Utah School of Medicine.
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evaluation at each site and were supported by additional ASD-
related dimensional measures, which varied by site (see
Supplement). The ASD subtypes described by DSM-IV-TR
were included as a single ASD group (Table 1), consistent with
emerging views that these subtypes represent different pre-
sentations of the same disorder (2,4). Detailed inclusion and
exclusion criteria for each site are described in the Supplement.
fMRI Acquisition
Resting-state fMRI scans and magnetization prepared rapid
acquisition gradient-echo structural images were acquired on
Philips Intera (Philips Healthcare, Best, The Netherlands;
Katholieke Universiteit Leuven, Leuven, Belgium), Siemens
Allegra (Siemens Healthcare GmbH, Erlangen, Germany; New
York University), and Siemens Trio (Siemens Healthcare GmbH;
Utah School of Medicine, Yale University) 3-Tesla magnetic
resonance imaging scanners. Image acquisition parameters for
each site are detailed in Supplemental Table S1.
Preprocessing
Resting-state fMRI data sets were downloaded in their pre-
processed form following the Conﬁgurable Pipeline for
Analysis of Connectomes (http://fcp-indi.github.com) (33).
Preprocessing steps using Analysis of Functional Neuro-
Images (AFNI) software (34) and custom scripts included slice
time correction, motion correction, global mean intensity
normalization, nuisance signal regression including 24 motion
parameters (six directions head motion, motion from one time
point prior, and their squares), the top ﬁve principal compo-
nents from white matter and cerebrospinal ﬂuid signals, linear
and quadratic trends, and band-pass ﬁltering (.01–.1 Hz).
Registration to Montreal Neurological Institute (MNI) standard
space included linear registration to anatomic images using
FMRIB’s Linear Image Registration Tool (35) and application
of the nonlinear anatomic-to-MNI transformation calculated
with Advanced Normalization Tools (36). Final voxel size
was 3 3 3 3 3 mm3. To minimize effects of motion on our
analyses further, only data sets with a framewise displacement
across all volumes of no more than .2 mm were included.
Finally, linear regression was performed, and no signiﬁcant
relationships between mean framewise displacement and
categorical diagnosis (t 5 1.57, p 5 .12) or SRS scores
(t 5 2.57, p 5 .57) were detected, ensuring that the results
would not be secondary to motion parameters.
Functional Connectivity
Functional connectivity was calculated using a seed-based
approach by applying 3dﬁm1 in AFNI software. Consistent
with our previous study in ADHD (18), we examined ASD-
related functional connectivity associated with four well-
described neural networks: DAN (20), DMN (21), SAL (22),
and ECN (23). Each network was deﬁned by the voxelwise
Pearson correlation with a reference time series extracted as
the simple average time series of all voxels within a 6-mm
spherical seed at coordinates obtained from the literature
(22,23,37). Speciﬁcally, the ECN was deﬁned by a seed in
the right dorsolateral prefrontal cortex (MNI: 44, 36, 20), and
the SAL was deﬁned by a seed in the right anterior insula (MNI:122 Biological Psychiatry July 15, 2016; 80:120–128 www.sobp.org/jo38, 26, 210), based on Seeley et al. (22). Seeds for DMN and
DAN were placed in the posterior cingulate cortex (MNI: 1,
255, 17) and bilateral intraparietal sulcus (MNI: 227, 252, 57;
24, 256, 55), respectively (23,37). Pearson correlation maps
were normalized using a Fisher z-transform.
Statistical Models
To identify categorical effects of ASD diagnosis and dimen-
sional effects of symptom severity on brain functional con-
nectivity, hierarchical linear regression analyses were
employed. This model was selected to account for the nested
nature of our data because site-speciﬁc characteristics may
inﬂuence categorical or dimensional effects of interest. We
designed a linear mixed-effects model and added random
intercepts and slopes (capturing potential site-speciﬁc cate-
gorical and dimensional effects) for each site to better account
for the nested nature of the multisite data. To further minimize
the effects of motion or other systematic differences (e.g.,
scanner, scanning parameters and procedures, data quality)
across sites on global connectivity, we employed mean
connectivity regression, a technique in which the mean value
of each subject’s functional connectivity map is entered as a
covariate of no interest in the group analysis (38). The ﬁrst
model tested ASD diagnosis (1 or 0) and the SRS score as
predictors of network functional connectivity, covarying for
age, mean connectivity, and site effects. This model was
designed to identify categorical effects associated with an
ASD diagnosis that were not driven by differences in symptom
severity scores, which we term “categorical effects” in func-
tional connectivity magnitude. Signiﬁcant effects of symptoms
measured by the SRS that were not due to effects of
categorical diagnosis were also explored. These effects are
subsequently referred to as “congruent dimensional effects”
because the dimensional relationships are congruent across
the groups. A second analysis included the interaction of ASD
diagnosis and the SRS score as a predictor in the model to
test whether there are categorical effects in the relationship of
ASD behaviors to functional connectivity. Such categorical-
by-dimensional interactions are subsequently described as
“incongruent dimensional effects.” Results were cluster-level
corrected for multiple comparisons using 3dClustSim in AFNI
at p , .05 with a minimum cluster size of 66 voxels providing a
corrected false-positive rate of .05. Finally, a composite map
of regions showing dimensional relationships, categorical
effects in magnitude, and categorical effects in brain-
behavior relationships was calculated, identifying regions
showing each of the three effects as well as the overlap of
effects.
RESULTS
Demographic variables and clinical measures for the TDC and
ASD groups are presented in Table 1. Mean functional
connectivity maps for each of the four networks for TDC and
children with ASD are presented in Figure 1A, B. Spatial maps
of functional connectivity for each network in TDC largely
resembled the networks reported in adult populations. For the
DAN, functional connectivity was observed bilaterally in the
frontal eye ﬁelds, intraparietal sulcus, and ventral visual
association regions, including visual motion area MT1 (39).urnal
Figure 1. Mean functional connectivity maps for (A) typically developing children and (B) children with autism spectrum disorder for the dorsal attention
network (DAN), default mode network (DMN), salience network (SAL), and executive control network (ECN). Black circles mark the location of seed regions
used to deﬁne each network. Images are displayed at a threshold of r . .1.
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PsychiatryFor the DMN, functional connectivity was observed in the
posterior cingulate cortex, precuneus, medial prefrontal cor-
tex, and bilateral angular gyrus (21,40). The SAL consisted of
the bilateral inferior frontal gyrus/anterior insula, anterior
cingulate cortex, and bilateral middle temporal gyrus (22).
The ECN connectivity included the bilateral middle and inferior
frontal gyrus, dorsomedial prefrontal cortex, and bilateral
parietal cortex (22,23).
Congruent Dimensional Effects
Dimensional brain-behavior relationships that were consistent
across the TDC and ASD groups were observed in each of the
four networks (Figure 2 and Supplemental Table S2). For the
DAN, higher scores on the SRS were associated with greaterFigure 2. Congruent dimensional effects of autism spectrum disorder
symptoms (i.e., Social Responsiveness Scale [SRS] score) across all
subjects (i.e., independent of categorical diagnosis) for the dorsal attention
network (DAN), default mode network (DMN), salience network (SAL), and
executive control network (ECN) functional connectivity. Yellow represents
positive relationships with SRS; blue represents negative relationships with
SRS.
Biologicalconnectivity with the medial frontal gyrus and bilateral middle
temporal gyrus across both groups, whereas negative relation-
ships were observed in the thalamus and bilateral putamen.
For the DMN, consistent positive relationships between SRS
scores and connectivity were observed in precentral gyrus,
right insula, and right inferior frontal gyrus. Signiﬁcant
positive brain-behavior relationships for SAL connectivity were
detected in the precuneus, right lingual gyrus, and posterior
cingulate cortex. For the ECN, signiﬁcant positive dimensional
relationships were present in the medial frontal gyrus, bilateral
middle frontal gyrus, right lingual gyrus, and posterior cingu-
late cortex. Negative relationships were primarily observed
across the right precentral, postcentral, and inferior frontal
gyri. The exact coordinates and sizes of all detected regions
showing congruent dimensional effects are listed in
Supplemental Table S2.
Categorical Effects in Magnitude
After controlling for dimensional effects, numerous brain
regions demonstrated categorical differences in functional
connectivity for each of the four networks (Figure 3 and
Supplemental Table S3). In particular, the ASD group demon-
strated enhanced DAN functional connectivity in regions
including the precuneus, cerebellum, and right precentral
gyrus but decreased connectivity in the medial frontal gyrus
and lateral temporal cortices. For the DMN, the ASD group
was associated with increased connectivity in the bilateral
middle frontal gyrus, bilateral inferior parietal lobules, and right
insula. The SAL connectivity increases associated with a
categorical ASD diagnosis were found in the dorsal anterior
cingulate cortex, whereas decreases were noted along the
medial frontal gyrus, left middle frontal gyrus, and left post-
central gyrus. For the ECN, greater connectivity for ASD was
detected in the left cerebellum. Categorical ECN connectivity
decreases for the ASD group were detected in the medial
prefrontal cortex, right superior frontal gyrus, right precentral
gyrus, left middle frontal gyrus, left postcentral gyrus, and
medial frontal gyrus. Coordinates of all regions demonstratingPsychiatry July 15, 2016; 80:120–128 www.sobp.org/journal 123
Figure 3. Categorical differences in functional connectivity values asso-
ciated with an autism spectrum disorder (ASD) diagnosis but not explained
by ASD-related symptom severity (i.e., Social Responsiveness Scale score)
for the dorsal attention network (DAN), default mode network (DMN),
salience network (SAL), and executive control network (ECN). Yellow
indicates ASD . typically developing children (TDC); blue indicates TDC
. ASD.
Figure 4. Signiﬁcant categorical-by-dimensional interaction effects of
autism spectrum disorder (ASD) for the dorsal attention network (DAN),
default mode network (DMN), salience network (SAL), and executive
control network (ECN). Yellow indicates regions for which the relationship
between functional connectivity and SRS was increased in slope (i.e.,
either become more positive or change from negative to positive) for
children with ASD vs. typically developing children, and blue indicates
regions with a decrease in slope (i.e., either become more negative or
change from positive to negative) relationship between functional con-
nectivity and SRS for ASD vs. typically developing children. SRS, Social
Responsiveness Scale.
Figure 5. Composite maps of the dorsal attention network (DAN), default
mode network (DMN), salience network (SAL), and executive control net-
work (ECN) representing the regions demonstrating categorical effects of
autism spectrum disorder on functional connectivity (white), consistent
dimensional relationships for children with autism spectrum disorder and
typically developing children (green), categorical differences in dimensional
relationships between children with autism spectrum disorder and typically
developing children (red), an overlap between categorical and congruent
dimensional effects (blue), and an overlap between categorical and incon-
gruent dimensional effects (yellow).
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listed in Supplemental Table S3.
Incongruent Dimensional Effects
Tests of the interaction between categorical groups and
dimensional relationships indicated differential brain-behavior
relationships for children with an ASD diagnosis compared
with TDC (Figure 4 and Supplemental Table S4). For example,
for the DAN, the ASD group demonstrated increased slopes in
the brain-behavior relationships between the SRS and con-
nectivity with the anterior cingulate cortex, thalamus, and left
insula and decreased slopes in the brain-behavior relation-
ships between the SRS and connectivity within the posterior
cingulate cortex and bilateral middle temporal gyrus. Catego-
rical differences in brain-behavior correlations were observed
for the DMN in the right parahippocampal gyrus and bilateral
middle frontal gyrus (ASD . TDC in slope) as well as
precuneus and left superior temporal gyrus (TDC . ASD in
slope). Increased slopes in brain-behavior relationships for the
ASD group were also detected in left insula, bilateral superior
frontal gyrus, and left middle occipital gyrus for the SAL, in
addition to decreased slopes in the brain-behavior relation-
ships in the precuneus and right angular gyrus. Finally,
increased slopes in the brain-behavior relationships for the
ASD group were found in the cerebellum and left middle/
precentral gyrus for the ECN. Supplemental Table S4 contains
coordinates for all regions demonstrating incongruent dimen-
sional effects.
Overlap of Categorical and Dimensional Effects
Categorical and dimensional effects largely affected distinct
regions as shown by Figure 5. However, several regions also
demonstrated a convergence of effects (Figure 5). For exam-
ple, a diagnosis of ASD was associated with greater con-
nectivity between the DMN and right inferior frontal gyrus124 Biological Psychiatry July 15, 2016; 80:120–128 www.sobp.org/jo(categorical effect), whereas this same region was also
positively associated with ASD symptoms as measured by
the SRS (congruent dimensional effect). There was also a
small degree of overlap of categorical and incongruenturnal
Figure 6. Scatter plots depicting the relationship between Social Responsiveness Scale (SRS) scores and functional connectivity for typically developing
children (TDC) and children with autism spectrum disorder (ASD) for selected regions. Statistically signiﬁcant linear relationships (solid lines) or nonsigniﬁcant
linear relationships (dashed lines) are ﬁtted to data points for TDC and children with ASD. T statistics for categorical (tASD) and dimensional effects (tSRS) on
regional connectivity are reported below each plot demonstrating (A) categorical effects only, (B) dimensional effects only, (C) an interaction of categorical
and dimensional effects (tASD X SRS), and (D) dimensional and categorical effects. Plotted functional connectivity values represent residuals after removing
nuisance effects. DMN, default mode network; ECN, executive control network; SAL, salience network.
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Psychiatrydimensional effects for SAL connectivity with the supplemen-
tary motor area.
To further demonstrate the separability of categorical and
dimensional effects of ASD, we produced scatter plots of the
different types of relationships (Figure 6; see Supplemental
Figure S1 for separate plots from different sites). An example
of a categorical effect without a signiﬁcant dimensional
effect for DMN connectivity is displayed in Figure 6A, and a
dimensional effect of ECN connectivity in the absence of a
signiﬁcant categorical effect is displayed in Figure 6B. A
signiﬁcant diagnosis-by-behavior interaction demonstrates
an incongruent dimensional effect for SAL connectivity
(Figure 6C). An example of overlapping categorical and
congruent dimensional effects on DMN connectivity is pre-
sented in Figure 6D.DISCUSSION
Based on a large, multisite analysis of resting-state fMRI
scans, we demonstrate functional connectivity abnormalities
related to ASD that encompass categorical and dimensional
brain-behavior relationships. The effects of the ASD group
were not restricted to a particular brain region or network, but
rather demonstrated extensive functional connectivity alter-
ations across each of the four networks tested (i.e., DAN,
DMN, SAL, and ECN). The functional connectivity variations
associated with a continuous measure of ASD symptoms (i.e.,
the SRS) consistently across both ASD and TDC groups
support the existence of dimensional brain mechanisms in
ASD. However, we also found evidence to support categorical
brain mechanisms. Numerous regions exhibited categorical
differences in magnitude of functional connectivity, which
could not be explained by quantitative relationships with
ASD symptoms; another set of regions demonstrated catego-
rical differences in their linear relationship with ASD symp-
toms. Therefore, consistent with previously reported ﬁndings
in children with ADHD (18,19), the characterization of func-
tional connectivity alterations in this sample points toBiologicalcombined categorical and dimensional brain mechanisms
underlying ASD-related deﬁcits.
The detection of brain regions exhibiting a consistent
association with ASD-like behaviors across the TDC and
ASD groups (Figures 2 and 6B, D) suggests that ASD impair-
ments are represented in the brain—at least to some degree—
as alterations in brain circuits supporting typical behaviors.
In the present study, the SRS was used to characterize
behavioral abnormalities associated with ASD. This instrument
largely measures impairments in reciprocal social interactions
(30), but some questions also tap into restricted, repetitive
behaviors. Its scores capture the two major symptom catego-
ries required for a DSM-5 diagnosis of ASD (41) as a single
measure of severity distributed continuously in the population
(30,42). The regions in which functional connectivity was
associated with SRS scores consistently across the two
groups suggest that ASD symptoms partly stem from a single
and continuously distributed factor. For example, an interpre-
tation of the relationship between higher SRS scores and
heightened connectivity of the SAL seed with the posterior
cingulate cortex (Figure 2) would be that a greater connectivity
between these regions is related to a greater severity of social
impairment, regardless of diagnosis. The posterior cingulate
cortex has been linked to social cognition (25) and is a key
brain region of the DMN (Figure 1) (21). An inference of this
ﬁnding is that greater connectivity between these regions at
rest could signal impairment in normal interactions between
the DMN and SAL in response to salient social stimuli,
resulting in a poorer understanding of intentions and actions
of others during social interactions. Overall, regions showing
congruent brain-behavior relationships between the ASD and
TDC groups may underlie the normal expression of social
behaviors that form a continuum, on which children with ASD
fall toward one end, and therefore provide support for the
dimensional nature of ASD.
Functional connectivity of numerous other regions that
exhibited categorical differences—either diagnostic group
differences in functional connectivity or differences in the
relationship between behavioral scores and functionalPsychiatry July 15, 2016; 80:120–128 www.sobp.org/journal 125
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syndrome. Although it is possible that categorical differences
detected after controlling for symptoms may be due to the
inability of the SRS to explain the entirety of ASD behavioral
deﬁcits (e.g., intellectual deﬁcits, language deﬁcits, comorbid-
ities), this explanation seems unlikely to account for the
extensive categorical effects we observed (Figure 3). Rather,
we suggest that factors that contribute to ASD either are
themselves categorical or affect the brain in a categorical
manner (i.e., genetic polymorphisms, environmental insults).
For example, the DMN demonstrated greater connectivity in
children with ASD compared with TDC in the bilateral middle
frontal gyrus, bilateral inferior parietal lobules, and right insula;
this was not related to severity of social impairments
(Figure 3). The impacted regions are closely related to the
executive control network (Figure 1). Given the importance of
the DMN for social cognition (25) and the role of ECN in
attentional control (43,44) and coordination of activity in other
networks (37,45), the abnormal connectivity between these
sets of regions at rest suggests altered regulation of the DMN
activity by the ECN, which may promote, in a categorical way
(i.e., only in the group of children with ASD), an increased bias
toward internal cognitive processes and reduced reaction to
external (i.e., social) stimuli (37,45).
Differences between children with ASD and TDC in the
relationship between functional connectivity and ASD symp-
tom severity scores also support the existence of categorical
brain mechanisms of ASD. Such ﬁndings imply that the brain
representation of ASD symptom severity is qualitatively differ-
ent from the brain representation of the normal spectrum of
social behaviors in TDC (41,46). Regions demonstrating this
type of effect included functional connectivity between the
middle occipital gyrus and SAL (Figures 4 and 6C), for which
there was a positive brain-behavior relationship for ASD but a
negative relationship for TDC, suggesting a potential role of
altered integration of visual processing with salience detection
in the expression of social impairment within ASD. Another
discrepancy between children with ASD and TDC in brain-
behavior relationships was detected for DAN connectivity with
the posterior cingulate cortex, a key region of the DMN. The
opposing functions of these two networks has been well
described (40) and seems to be important for behavior (47).
Although lesser connectivity between these regions is asso-
ciated with reduced social impairments in TDC, this relation-
ship is altered in children with ASD, indicating that ASD-
related impairments are associated with a categorical disrup-
tion in the intrinsic organization of these two opposing neural
networks. These ﬁndings point to potential categorical mech-
anisms of ASD and provide support for the existence of a dual
categorical-dimensional characterization of ASD.
Although dimensional and categorical effects were each
identiﬁed while covarying for the other, there were a couple of
regions in which both types of effects demonstrated overlap
(Figure 5). An example of such a region was found for right
precentral gyrus functional connectivity with the DMN
(Figure 6D). Functional connectivity of this region exhibited a
consistent positive dimensional relationship for the ASD and
TDC groups; however, after controlling for differences in
symptom severity, a signiﬁcant categorical effect remained in
which children with ASD exhibited hyperconnectivity of these126 Biological Psychiatry July 15, 2016; 80:120–128 www.sobp.org/joregions. Although it is conceivable that such effects are
unrelated, the possibility that categorical and dimensional
mechanisms can work in tandem warrants further exploration.
This study has some limitations. Selecting an all-male
sample may limit the extension of the study inferences to
females. Future studies should consider sex differences in the
brain representations of ASD to elucidate the neural mecha-
nisms contributing to the strong male bias in the prevalence of
this disorder. Additionally, we did not statistically control for
medication use because information regarding psychoactive
medication use was inconsistently available across sites, and
sites further varied as to whether stimulants were withheld
before scanning. Given the well-documented heterogeneity of
ASD in terms of etiology and in terms in behavioral expression,
it is unclear to what extent our ﬁndings are representative of
these variations, particularly in behavioral domains not fully
captured by the SRS. Moreover, previous work demonstrated
that SRS scores may be biased by factors not related to ASD
(48), including behavioral problems not related to ASD, age,
language skills, and cognitive skills. As such, future studies
should include other complementary measures of ASD
severity that are currently not available across both groups
of TDC and children with ASD. Finally, although we performed
parallel examinations of ASD and ADHD, the lack of corre-
sponding dimensional measures for these data sets precluded
a formal statistical comparison of their functional connectivity
alterations. Future studies that explore the potential over-
lapping and distinct neural mechanisms underlying these two
neurodevelopmental disorders are highly desired (49–51).
In conclusion, based on combined analyses of functional
connectivity of four large-scale neural networks, this study
demonstrated the presence of distinct categorical and dimen-
sional brain abnormalities associated with ASD. On one hand,
the detection of shared brain-behavior relationships across
both children with ASD and TDC supports a dimensional
characterization of ASD. On the other hand, functional con-
nectivity deﬁcits associated with a categorical ASD diagnosis
or diagnosis-by-behavior interaction suggest that children with
ASD are also categorically distinct from TDC. Taken together,
these ﬁndings shed light on the neural bases of ASD and
support the use of a categorical-dimensional hybrid model for
researchers and clinicians to conceptualize this disorder.ACKNOWLEDGMENTS AND DISCLOSURES
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